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Phagocytic NADPH oxidase (NOX) is a multisubunit enzyme that catalyzes the reduction of molecular oxygen to form reactive oxygen species (ROS). The subunits are composed of two essential membrane-bound components, gp91phox/NOX2 and p22phox, and four cytosolic components, p47phox, p67phox, p40phox, and Rac1 or 2 (5, 15) . In nonphagocytic cells, the entire family of NOX proteins consists of NOX1, gp91phox/NOX2, NOX3, NOX4, NOX5, and dual oxidase 1 and 2 (3, 12, 20) . In conjunction with p22phox, the NOX homologues are considered to be the catalytic component giving NADPH oxidase its functional capacity.
Numerous in vitro and in vivo studies (9, 25, 27) have demonstrated a direct role of Aldo in the development of cardiovascular disease via oxidative stress, and NADPH oxidase is suggested as a major source of ROS generated in response to Aldo administration. For example, Aldo/salt treatment induced hypertension and increased mRNA and protein expression of NOX2, NOX4, and p22phox in kidney and aortic rings of rats. These effects were inhibited by treatment with either an MR antagonist or the NADPH oxidase inhibitor apocynin (2, 22, 28) . In cultured rat aortic endothelial cells, Aldo induced a time-dependent and dose-dependent increase in superoxide generation and Rac1. An MR antagonist, apocynin, or adenoviral gene transfer of dominant-negative Rac1 also abolished Aldo-induced superoxide generation (16) . In NOX2-deficient mice, Aldo-induced activation of NADPH oxidase and NF-B was prevented in the heart (17) . These findings indicate that in the periphery, Aldo may act directly on specific subunit(s) of NADPH oxidase, thereby contributing to ROS generation and the progression of end-organ injury and hypertension. Aldo may have similar actions in the central nervous system (CNS). However, to date there have been no investigations on the source of ROS generation in the CNS during mineralocorticoid excess.
Over the past few decades, various sites of Aldo action within the CNS have been presumed on the basis of very little evidence. It has been proposed that central neurons activated by circulating Aldo should contain MR and the enzyme 11␤-hydroxysteriod dehydrogenase type 2 (11␤-HSD2). This par-ticular enzyme allows access of Aldo to MR by metabolizing glucocorticoids that have greater affinity for MR and that are available in plasma in greater concentrations than Aldo (10) . Although such neurons have been identified in the nucleus of the solitary tract, they do not seem likely to be the site of action upon which Aldo increases blood pressure (BP; 10). Previous studies from our laboratory (31) have shown that intracerebroventricular infusion of apocynin or tempol attenuated systemic Aldo/salt-induced hypertension. Zhang et al. (35) have reported that intracerebroventricular Aldo resulted in increased dihydroethidium staining (indicating oxidative stress) and Fralike activity (indicating neuronal excitation) in neurons of the hypothalamic paraventricular nucleus (PVN) and that treatment with tempol minimized the increases in ROS and Fra-like activity and produced greater sympathoinhibition in Aldotreated vs. vehicle-treated rats. These results suggest that Aldo may increase sympathetic nerve activity through increased oxidative stress in the hypothalamus. Additional recent studies from the same group demonstrated the presence of 11␤-HSD2 mRNA in the PVN by RT-PCR analysis. Either intracerebroventricular or PVN microinjection of 11␤-HSD2 inhibitors increase BP, heart rate (HR), and renal sympathetic nerve activity, suggesting that the PVN may be a prime forebrain site responsible for mediating central Aldo effects on sympathetic nerve activity and BP (34) . The PVN is not only a major region implicated in central cardiovascular control but is involved also in sympathetic activation during hypertension and its development (4). With these considerations in mind, the present study focused on the Aldo-NADPH oxidase-ROS pathway in the PVN.
The studies just described demonstrate the general importance of NADPH oxidase in systemic and central Aldo signaling, such broad inhibition of enzyme actions (e.g., when studied by intracerebroventricular injections of apocynin or tempol) does not provide information about the molecular identity of the oxidase involved. Recently, Davisson and colleagues (15) compared the expression of NOX1, NOX2, and NOX4 in different regions of mouse brain using real-time PCR. NOX2 and NOX4 are the predominant homologues expressed in forebrain, including the PVN. These investigators also developed adenoviral vectors expressing small interfering (si)RNA to selectively silence NOX2 or NOX4 expression in the forebrain (24) . In the present study, we tested the hypothesis that the NOX2-or NOX4-containing NADPH oxidase in the PVN is a key source of ROS, which contributes to the effects of Aldo on BP. We used PVN microinjections of siRNA-NOX2 and siRNA-NOX4 to induce localized, stable knockdown of NOX2 and NOX4, respectively, and then examined the effects of silencing these central NADPH oxidase subunits on Aldo-induced hypertension and on the autonomic contribution to arterial BP. Also in in vitro studies, we examined the effects of knocking down NOX2 or NOX4 in PVN cell cultures on Aldo-induced ROS production.
METHODS

Animals
Wild-type (WT; C57BL/6) male mice (12-16 wk old) were obtained from Harlan (Indianapolis, IN). NOX2 knockout mice were purchased from Jackson Laboratory. Mice were housed in temperature (22°C Ϯ 0.2°C)-and light (12:12-h light-dark)-controlled animal quarters and were provided with mouse chow (7013 NIH-31 modified mouse diet, 0.25% NaCl) ad libitum. In Aldo-induced hypertension studies, the mice were randomly assigned to the following treatment groups: 1) PVN injection of adenoviral vectors expressing the control message enhanced green fluorescent protein (AdsiRNA-GFP; n ϭ 8 i.e., as a control), 2) PVN AdsiRNA-NOX2 injection (n ϭ 7), 3) PVN AdsiRNA-NOX4 injection (n ϭ 8), 4) NOX2 knockout mice (n ϭ 6), and 5) WT mice (n ϭ 6). To induce hypertension with Aldo, the mice were infused subcutaneously with Aldo combined with 1% NaCl as the sole drinking fluid. During access to the saline solution, 1% NaCl intakes were measured daily. Control experiments were also conducted by giving animals 1% NaCl to drink without subcutaneous Aldo infusions.
For ROS imaging studies, neurons were collected from the PVN of 8-day-old rat pups who were from Sprague-Dawley mothers (Harlan). The cultured cells were divided into four groups: 1) incubation with vehicle (control), 2) incubation of AdsiRNA-GFP and Aldo, 3) incubation of AdsiRNA-NOX2 and Aldo, and 4) incubation of AdsiRNA-NOX4 and Aldo.
All experiments were conducted in accordance with the National Institutes of Health's Guide for the Care and Use of Laboratory Animals and approved by the University of Iowa Animal Care and Use Committee.
Adenoviral Vectors
AdsiRNA-Nox2, AdsiRNA-NOX4, or AdsiRNA-GFP was developed by Dr. Robin L Davisson and constructed and provided by the University of Iowa Gene Vector Core (24) . In brief, 21-bp short hairpin RNAs representing sequences directed against NOX2, NOX4, or enhanced GFP were placed under the control of the mouse U6 promoter. A separate CMV promoter drives expression of a reporter gene (GFP for siNOX2-and siNOX4-expressing constructs and LacZ for the siGFP-expressing construct).
Surgical Procedures
Telemetry probe implantation. Implantable mouse BP transmitters (TA11PA-C10; Data Sciences International) were used to chronically measure arterial BP. Mice were anesthetized with a ketamine-xylazine mixture. Through a ventral incision, the left carotid artery was accessed and isolated, and the catheter of a telemetry probe was inserted into the carotid and advanced into the aorta. Through the same incision, a subcutaneous tunnel was formed that passed across the right pectoral area and extended into the right flank where it was enlarged to form a pocket. The body of the transmitter was slipped into the pocket and secured with tissue adhesive. The ventral incision was then closed with suture.
PVN microinjection of adenovirus-siRNA and osmotic pump implantation. After baseline BP and HR recordings were obtained, mice were again anesthetized with a ketamine-xylazine mixture. AdsiRNA-GFP, AdsiRNA-NOX2, or AdsiRNA-NOX4 (200 nl of 1.3 ϫ 10 12 genomic particles/ml, 30 s) was injected into the PVN bilaterally (anterior-posterior, Ϫ1.1 mm; medial-lateral, Ϯ 0.6 mm; and dorsal-ventral, Ϫ5.2). Three days later, osmotic pumps (model 1002; ALZET) containing Aldo (0.2 mg·kg Ϫ1 ·day Ϫ1 ; Sigma) were implanted subcutaneously in the back, and tap water was changed to 1% NaCl. At the end of each experiment, animals were deeply anesthetized with pentobarbital and perfused transcardially with saline followed by 4% paraformaldehyde. The locations of the PVN injections in histological material were verified by visualization of expression of the reporter gene GFP using confocal microscopy. The animals with missed injections were excluded from analysis.
Western blotting analysis. Protein samples were mixed with equal volumes of SDS-PAGE buffer and loaded on the 10% SDS-PAGE gel for electrophoresis and then transferred to a PVDF membrane (Bio-Rad Laboratories). The membrane was probed with mouse antibody for anti-gp91phox/NOX2 (1:1000; BD Biosceinces), rabbit antibody for anti-NOX4 (1:500; Abcam), or anti-␤-actin (1: 2,500; Cell Signaling), respectively. This was followed by horseradish peroxidase-labeled anti-mouse or anti-rabbit secondary antibody (Santa Cruz Biotechnology) and then treatment with an enhanced chemiluminesence reagent (Supersignal Substrate Western Blotting; Pierce Chemical). Band intensities were quantified with Imager (Bio-Rad) software and were normalized to ␤-actin.
PVN neuronal cultures. Primary neuronal cultures were established from the PVN of preweaning pups (8 days old, 8 -10 pups per culture). Cells were cultured for 4 days in DMEM:Ham's F-12 medium (1:1) supplemented with 10% FBS and 1% L-glutaminepenicillin-streptomycin.
Experimental Protocols
Measurement of BP and HR. All mice were allowed 7 days to recover from transmitter implantation surgery before any measurements were made. Thereafter, BP and HR were telemetrically recorded and stored with the Dataquest ART data acquisition system (Data Sciences International).
In the control experiments, we tested if PVN injections of adenoviral vector or 1% NaCl as only drinking fluid had effects on basal BP and HR. Animals were also given PVN injections of siRNA-GFP and 1% NaCl to drink for 17 days without receiving Aldo treatments.
In Aldo-induced hypertension studies, we tested the BP and HR responses to PVN blockade of ROS production during Aldo infusions. Two hundred nanoliters of siRNA-GFP (control), siRNA-NOX2, or siRNA-NOX4 were injected bilaterally into the PVN. Three days later, Aldo was infused subcutaneously for 14 days and 1% NaCl replaced water as the drinking fluid.
Evaluation of BP responses to autonomic blockade. The autonomic contribution to resting BP was assessed by administering the ganglionic blocker hexamethonium (30 mg/kg ip). Ganglionic blockade was repeated twice, once during baseline and then after 14 days of Aldo infusion. On the day of ganglionic blockade experiments, BP was recorded for 20 min both before and after hexamethonium injection. After hexamethonium injection, the largest decrease in BP occurred within 5 min. This nadir (2-3 min) was recorded as the maximum fall in BP.
NOX2 or NOX4 protein expression measurements. Seventeen days after PVN injections of siRNA-GFP, siRNA-NOX2, or siRNA-NOX4, mice were deeply anesthetized with isoflurane. The brains were removed and stored at Ϫ80°C until assay. Brains were cut into consecutive 100-m sections in a cryostat at Ϫ20°C, and micropunches (20-gauge needles) were made to collect the PVN. Total cellular protein was isolated from tissue punches of the PVN and analyzed for protein expression of NOX2 or NOX4 by Western blotting.
Measurement of ROS production in cultured PVN neurons. After cells were incubated for 24 h under serum free conditions, the cultured neurons were treated with vehicle, AdsiRNA-GFP, AdsiRNA-NOX2, or AdsiRNA-NOX4 for another 24 h followed by overnight incubation with Aldo (10 M). On the experimental day, the neurons were loaded with dihydroethidium (DHE; 5 M; Invitrogen) for 30 min, and then ethidium fluorescence was imaged using confocal micros- Fig. 1 . Effect of knocking down NADPH oxidase (NOX)2 or NOX4 in the hypothalamic paraventricular nucleus (PVN) on aldosterone (Aldo)/salt-induced hypertension in mice. Daily mean arterial pressures (MAP; A) and heart rates (HR; B) before and during systemic infusion of Aldo and 1% NaCl access in PVN small interfering (si)RNA-GFP-, siRNA-NOX2-, or siRNA-NOX4-injected mice. Control days (C) were followed by PVN injection of siRNA vectors and 14 days of systemic Aldo infusion. *P Ͻ 0.05, compared with baseline MAP and HR or 1% NaCl intake alone without Aldo treatment. #P Ͻ 0.05, compared with siRNA-NOX2-or NOX4-treated rats.
copy. Neurons are roundish, domed cells with one or two thin processes as verified by terminal experimental KCl-induced calcium flux. DHE fluorescence of neurons was quantified using Fluoview 5 (Olympus, Japan) analysis software and expressed relative to fluorescence of vehicle-treated neurons.
Data Analysis
Mean arterial pressure (MAP) and HR were collected for 5 baseline days and then for 14 consecutive days after Aldo pump implantation. MAP and HR are presented as mean daily values averaged from daytime and nighttime measurements. Difference scores for MAP and for HR were calculated for each animal based on the mean of the 5-day baseline values subtracted from the mean of the final 5 days of treatment. One-way ANOVAs for the experimental groups were then conducted on the means of calculated difference scores. After a significant ANOVA was established, follow-up t-tests were conducted to test for differences between pairs of mean change scores. To test differences in the mean of 5 days baseline vs. the mean of final 5 days of treatment, t-tests were performed.
For analysis of 1% NaCl intakes, mean intakes for each experimental group were averaged from daily measurements during the 14 days of treatment. A one-way ANOVA was conducted on these mean values.
Student t-tests were conducted to test for differences in NOX2 or NOX4 protein expression in siRNA-NOX2-or siRNA-NOX4-treated animals vs. siRNA-GFP-treated animals. The same statistical method was used to test the differences in Aldo-induced ROS production in neurons treated with AdsiRNA-GFP, AdsiRNA-NOX2, or AdsiRNA-NOX4.
All data are expressed as means Ϯ SE. Statistical significance was set at P Ͻ 0.05.
RESULTS
Effects of PVN Knockdown of NOX2 or NOX4 on Aldo/ NaCl-Induced Hypertension
As presented in Fig. 1A , baseline MAP was unaltered (P Ͼ 0.05) after bilateral PVN injections of siRNA-GFP when the control (vehicle) for Aldo and 1% NaCl was given (⌬2.1 Ϯ 2.6 mmHg; n ϭ 5). In contrast, mice that received bilateral PVN injections of siRNA-GFP followed by Aldo plus 1% NaCl showed marked hypertension (⌬20.8 Ϯ 3.4 mmHg; n ϭ 8), as evidenced by a significant increase above their baseline BP and above that of the group that had received bilateral PVN injections of siRNA-GFP followed by systemic vehicle and 1% NaCl. Bilateral PVN injections of either siRNA-NOX2 or siRNA-NOX4 significantly attenuated the increase in MAP induced by Aldo/NaCl (⌬7.7 Ϯ 2.0 and ⌬7.8 Ϯ 1.4, respectively; n ϭ 8; P Ͻ 0.05) compared with that seen in mice with PVN siRNA-GFP injections plus systemic Aldo. Systemic Aldo infusions produced significant, comparable decreases in HR in all groups ( Fig. 1B ; PVN siRNA-GFP, Ϫ32.8 Ϯ 2.3; siRNA- 
Effects of Global Knock Out of NOX2 on Aldo/NaCl-Induced Hypertension
Fourteen days of Aldo infusion resulted in a 18.2 Ϯ 2.6 mmHg ( Fig. 2A ; n ϭ 7; P Ͻ 0.05) increase in MAP in WT mice, while in comparison NOX2 knockout mice showed a significant attenuation in the increase in MAP induced by Aldo/NaCl (⌬8.7 Ϯ 2.5 mmHg; n ϭ 6; P Ͻ 0.05).
The chronic Aldo infusion produced a significant decrease in HR in both WT and NOX2 knockout mice (P Ͻ 0.05; Fig. 2B ). The fall in HR during Aldo/NaCl treatment was similar between groups (WT, Ϫ28.7 Ϯ 7.2; and NOX2 KO, Ϫ28.9 Ϯ 5.8 beats/min; P Ͼ 0.05).
Effects of Aldo Infusion on 1% NaCl Intake
Average daily 1% NaCl intake was 6.7 Ϯ 0.7 ml when the control (vehicle) for Aldo treatment was given for 14 days. Systemic infusion of Aldo significantly increased 1% NaCl intake in all groups of mice with or without NOX knockdown (P Ͻ 0.05). Also, there was no difference between groups (siRNA-GFP, 12.3 Ϯ 0.9; siRNA-NOX2, 12.4 Ϯ 0.6; siRNA-NOX4, 14.0 Ϯ 1.0; and NOX2 knockout mice, 13.1 Ϯ 0.6 ml/day; P Ͼ 0.05; Fig. 3 ). 
Localization and the Effects of Adenoviral Delivery of siRNA on NOX2 and NOX4 Proteins
The effect of viral delivery of siRNA to knockdown NOX2 or NOX4 in the PVN was verified by Western blot analyses. AdsiRNA constructs contained a GFP construct that served as a marker indicating the site of delivery and the cells affected in the PVN. Seventeen days after PVN injections of siRNA-NOX2 (Fig. 4A) or NOX4 (Fig. 4B) , highly robust GFP expression was present in the PVN but not in the subfornical organ (Fig. 4C) or the supraoptic nucleus (Fig.  4D) . To confirm effective silencing of NOX2 or NOX4 in the PVN with these viruses, we performed Western blot analyses on the micropunches taken from the PVN. As shown in Fig. 5, NOX2 or NOX4 protein level was reduced by 50 to 60% in mice treated with siRNA-NOX2 or siRNA-NOX4 when compared with mice treated with the control vector siRNA-GFP. Figure 6 shows the decreases in BP with acute ganglionic blockade in all groups. Basal BP before hexamethonium injection was 101.6 Ϯ 1.6 mmHg. The average reduction in the BP response to hexamethonium injection before central treatment and systemic infusion of Aldo was Ϫ26.6 Ϯ 2.7 mmHg, which was not different from that seen in mice with bilateral PVN injections of siRNA-GFP when the control (vehicle) for Aldo and 1% NaCl was given (Ϫ28.6 Ϯ 3.8 mmHg). Following 14 days of Aldo infusion, BPs were significantly increased in WT mice with PVN siRNA-GFP (126.6 Ϯ 1.7 mmHg), PVN siRNA-NOX2 (110.8 Ϯ 1.8 mmHg), or PVN siRNA-NOX4 (109.2 Ϯ 1.5 mmHg) and in NOX2 knockout mice (109.5 Ϯ 2.2 mmHg). Acute hexamethonium injection resulted in a greater reduction in BP in WT mice with PVN siRNA-GFP (Ϫ48.5 Ϯ 5.3 mmHg; P Ͻ 0.05) compared with PVN siRNA-NOX2 (Ϫ31.5 Ϯ 3.4 mmHg)-and PVN siRNA-NOX4 (Ϫ32.4 Ϯ 2.9 mmHg)-treated mice or NOX2 knockout mice (Ϫ29.5 Ϯ 4.0 mmHg; Fig. 6 ). Figure 7A shows representative DHE fluorescent images of cultured PVN neurons with or without Aldo treatment. Overnight incubation of Aldo induced a 2.4-fold increase in ethidium intensity in the control siRNA-GFP-treated neurons ( Fig. 7B ; n ϭ 21; P Ͻ 0.05) compared with that seen in PVN neurons with vehicle incubation (n ϭ 115). Treatment with either siRNA-NOX2 or siRNA-NOX4 significantly inhibited or blocked this Aldo-induced increase in ROS production (NOX2, 1.5-fold, n ϭ 94; and NOX4, 1.1-fold, n ϭ 100).
Effects of Autonomic Blockade on BP
Effects of Knockdown NOX2 or NOX4 on Aldo-Induced ROS Production in Cultured PVN Neurons
DISCUSSION
The main findings of these studies are as follows: 1) acutely knocking down either NOX2 or NOX4 in the PVN by using viral delivery of siRNAs or chronically knocking out NOX2 by genomic manipulation significantly inhibits Aldo/NaCl-induced hypertension, 2) the attenuated BP effect on Aldo/ NaCl-induced hypertension in mice produced by PVN blockade of ROS production is associated with decreased sympathetic tone, and 3) using siRNA to silence NOX2 or NOX4 blocks the generation of Aldo-induced ROS in cultured PVN neurons. Taken together, these results suggest that both NOX2 and NOX4 are necessary to generate functional NADPH oxidase in the PVN. Aldo acting in the CNS, especially PVN, results in the generation of ROS and oxidative stress to increase sympathetic drive and, in turn, elevate arterial BP to produce hypertension.
We (31) have previously reported that central MR antagonist, scavenging of ROS by tempol, or central blockade of NADPH oxidase attenuated Aldo-induced hypertension and that this attenuated effect of Aldo on the BP response involves a decrease in sympathetic tone. This is further supported by recent studies (33, 35) showing that increasing the central level of Aldo by direct intracerebroventricular infusion or by heart failure results in enhanced NADPH oxidase activity and ROS production in the PVN through activation of brain reninangiotensin activity, thereby leading to increased neuronal activity and sympathetic drive. These observations suggest that cardiovascular-related cells of the CNS require ROS to carry out crucial functions in the control of BP and sympathetic activity during mineralocorticoid excess. In the periphery, an important role for NADPH oxidase is well established as the source of ROS in response to Aldo (2, 16, 22, 28) . The present studies lend further insight into the role and mechanisms of the NADPH signaling pathway by implicating NOX2 and NOX4 in the CNS, more specifically in the PVN, in the regulation of an Aldo-mediated chronic pressor response.
In several models of hypertension including renovascular hypertension (23) , phenol renal injury model of hypertension (1, 32) and obesity-induced hypertension (21) have been shown to increase oxidative stress in the hypothalamic PVN to contribute to the progression of hypertension through central sympathetic excitation. Enhanced NADPH oxidase activity associated with increased mRNA expression of several NADPH oxidase subunits including NOX2, NOX4, p22phox, and p47phox is a major source of increased oxidative stress. These findings are compatible with a recent study by Davisson and colleagues (15) showing that NOX2 and NOX4 are the predominant homologues expressed in forebrain of mice. Davisson and colleagues (24) also demonstrated that both NOX2 and NOX4 in the subfornical organ are required for the full vasopressor effects of brain ANG II. In the present study, we found that microinjections of either AdsiRNA-NOX2 or AdsiRNA-NOX4 into the PVN significantly attenuated Aldoinduced hypertension compared with AdsiRNA-GFP mice. The depressor effect of knocking down NOX2 in the PVN of adult mice on Aldo-induced hypertension was further confirmed in NOX2 knockout mice, which have a deficit of the NADPH oxidase subunit throughout the lifespan. Moreover, in Aldo/salt-treated mice, the fall in BP in response to ganglionic blockade was less in those with PVN injections of AdsiRNA-NOX2 or siRNA-NOX4 and in NOX2 knockouts compared with their respective controls. These observations add to the previously described studies by establishing the importance of both NOX2-and NOX4-containing NADPH oxidases in the actions of Aldo in the PVN. The consequence of activation of Aldo-NADPH oxidase-ROS pathway in the PVN is elevated sympathetic activity, which contributes to the development of Aldo-induced hypertension.
Assembly of NOX2 has been studied extensively. When p47phox is phosphorylated, it is recruited to the cytosolic tail of ph22phox, and p47phox then serves as a docking site for a p67phox/p40phox complex. The G-protein Rac is then bound to p67phox and is critical for oxidase activation (11) . NOX4 also requires p22phox for activation. However, ROS production does not appear to require the interaction of cytoplasmic activator proteins such as p47phox, p67phox, or Rac1 (6, 30) . Of the several subunits that constitute NADPH oxidase, p22phox, NOX2, NOX4, and p47phox have been shown to increase significantly during chronic Aldo infusion. Treatment with an MR antagonist, tempol, or apocynin has been shown to inhibit the rise in BP and the expression of these NADPH oxidase subunits (2, 22) . However, these previous studies did not provide information about the molecular identity of the oxidase subunits involved because the pharmacological inhibitors of NADPH oxidase do not provide the specificity required to differentiate between the subunits to define those that are necessary (14) . In the present study, we used adenovirus delivery of siRNA to selectively silence NOX2 or NOX4. In agreement with previous studies (24) , PVN injections of siRNA induced significant but incomplete silencing of NOX2 or NOX4 within PVN tissue by 50 -60%. Nevertheless, knockdown of these NADPH oxidase subunits resulted in significantly attenuating Aldo-induced hypertension, which confirms results produced by pharmacological antagonists on Aldo-induced increases in BP (31) .
In imaging studies employing confocal microscopy and the fluorescent indicator DHE as an indicator of ROS production, we measured the changes in ROS production induced by Aldo in cultured PVN neurons. We found that PVN neurons showed a significant increase in ROS production after overnight incubation with Aldo. The increased ROS production was blocked by genetic silencing either NOX2 or NOX4 with siRNAs. These results provide further evidence to support the BP studies described above.
Aldo is implicated in the genesis of salt appetite (7) . High salt intake itself also increases NADPH oxidase expression and oxidative stress (2, 13, 18, 19) . It is possible that the synergistic action of Aldo and high salt intake could cause increases in ROS production, sympathetic activity, and BP. In the present study, systemic Aldo induced a significant increase in salt intake in all groups. However, PVN blockade of ROS production by silencing NOX2 or NOX4 reduced the BP responses to Aldo without reducing the Aldo-induced increase in saline intake. Moreover, our in vitro study demonstrated a direct role of Aldo in the activation of specific NADPH oxidase subunits such as NOX2 and NOX4 to increase ROS production. These results indicate that any oxidative stress induced by saline intake per se is unlikely to be necessary for producing Aldoinduced hypertension with the treatment parameters employed in the present studies.
In summary, the present results indicate that both NOX2 and NOX4 in the PVN are key sources of ROS production induced by Aldo, which contribute to elevated sympathetic activity and the pressor effects during mineralocorticoid excess.
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